Abstract For the first time the global extent of a mid stratospheric new particle layer is addressed, using the National Center for Atmospheric Research Community Earth System Model, version 1 (CESM1), with the high-top atmosphere component, the Whole Atmosphere Community Climate Model (WACCM). The CESM1(WACCM) version has been configured for pure sulfate formation in the stratosphere, including the formation of late winter to spring condensation nuclei (CN), or small particle, layers of enhanced concentration in the polar regions. CESM1(WACCM) adequately reproduces, with some differences, a layer of observed (r > 3-10 nm) particles originating in the polar stratosphere as measured in both the Antarctic and northern mid latitude regions. The austral CN layer in August has nearly a symmetrical maximum in concentration within the 60-65°S latitude band and extends to 15°S. In comparison in February, the Northern Hemisphere CN layer has less symmetry and extends to only 30°N. CN concentrations in the mid stratosphere are variable due to the polar formation of the CN layer in each hemisphere, and the CN layer accounts for > 50-90% of the r > 3 nm particles in the stratospheric column poleward of 30°S and 35°N during winter and spring. The increase in CN concentration during the formation of the austral layer is not necessarily smooth. There may be fluctuations related to changes in temperature, partitioning of sulfuric acid, and the competition between nucleation, condensation, and coagulation. CESM1(WACCM) also predicts fall CN layers in both hemispheres. There are no observations to compare with this prediction.
Introduction
Stratospheric aerosols influence both radiative and chemical processes in the atmosphere and impact the Earth's climate through their absorption and scattering properties. Stratospheric aerosols also may influence ozone through heterogeneous chemical processes, especially following volcanic eruptions [McCormick et al., 1995] . Stratospheric condensation nuclei (CN) include the total stratospheric aerosol population and are dominated for number concentration by the smaller particles in the size distribution. Balloon-borne particle counters measuring stratospheric CN [Rosen and Hofmann, 1981a, 1981b] have been deployed regularly by the University of Wyoming since the 1980s, in both the mid latitudes [Hofmann and Rosen, 1981, 1982; Rosen and Hofmann, 1983; Deshler et al., 2003] and polar regions Hofmann et al., 1989; Hofmann, 1990; Deshler et al., 1994] . Larger stratospheric aerosol have been known to be primarily composed of sulfuric acid and water for some time [Mossop, 1964; Rosen, 1971; Hofmann and Rosen, 1983; Arnold et al., 1998 ], although many other species have also been found [Murphy et al., 1998 [Murphy et al., , 2013 . Stratospheric CN are also primarily composed of H 2 SO 4 -H 2 O solutions [Brock et al., 1995; Borrmann et al., 2010; Campbell and Deshler, 2013] . Due to their size CN can only be detected in situ using optical counters after condensational growth in an inlet chamber, where the lower size limit is dependent on the CN instrumentation employed [Miller and Bodhaine, 1982; McMurry, 2000] . The lower size limit is also dependent on the rate of condensational growth, which becomes slower at lower pressures. The University of Wyoming CN instrument observes particles as small as r > 3 nm at pressures as low as 50 hPa with a precision of ±10% [Deshler et al., 2003] . These particles are too small for all remote measurements. mid stratospheric (> 20 km) CN show that at Laramie and McMurdo, the concentrations are between 1-10 cm
À3
and 10-20 cm
, respectively [Campbell and Deshler, 2013] . Over McMurdo, however, the measurements also indicate a dependable annual enhancement in CN concentrations (> 100 cm À3 ), between 21 and 27 km, beginning around mid-August (winter) and reaching its maximum extent between September and October (spring). Hereafter, we refer to these CN enhancements as CN layers. The measurements further show a consistent seasonal cycle in CN concentrations over Laramie, including a quasi-annual and smaller CN layer (> 20 cm À3 ), between 25 and 31 km, also observed during the winter and spring. Other sporadic observations in the past have shown a stratospheric CN layer in the Arctic [Hofmann, 1990] .
Significant contributions of CN in the lower stratosphere arise from transport of particles and sulfur gases across the tropical tropopause [Brock et al., 1995; English et al., 2011] . Episodic minor volcanic injections, which have been linked to the recent increase [Hofmann et al., 2009] in the background stratospheric aerosol [Vernier et al., 2011; Neely et al., 2013] , supplement the sulfur and particle flux across the tropopause, but add little to the overall CN concentration in the lower stratosphere. The increases investigated by Hofmann et al. [2009] and Vernier et al. [2011] were on the order of 5% in integrated backscatter. Such changes have minimal impact on stratospheric CN concentration even if the 5% could be applied directly to stratospheric CN concentration, which it cannot since an increase in a moment of the size distribution cannot be applied directly to the overall number concentration. In this study, although results are available in the lower stratosphere (≈ 100 hPa), the focus is on enhanced CN concentrations in layers that occur in the mid stratosphere, ≈ 10-20 hPa, and which exist as large enhancements in the background CN concentration in the mid latitudes and polar regions [Campbell and Deshler, 2013] . Direct impacts on CN concentrations at these altitudes from volcanic activity require volcanic eruptions on the scale of El Chichón or Mount Pinatubo. Campbell and Deshler [2013] show that episodic major volcanic eruptions can impact CN layer formation at both mid latitude and polar regions; however, in this study we do not simulate such eruptions. This would be an interesting topic for a separate investigation.
Stratospheric CN and the episodic CN layers are important because they: (1) are a pathway for the removal of sulfate from the stratosphere, through coagulation and eventual sedimentation of the larger aerosol into the troposphere; (2) are important for climate radiative forcing and geoengineering studies; (3) are nucleation centers for polar stratospheric clouds and the more extensive stratospheric aerosol layer; and (4) are involved in an interplay of meteoritic material with H 2 SO 4 condensation and removal.
The importance of the CN layer has prompted modeling studies of its formation over Antarctica Mills et al., 1999 Mills et al., , 2005 . Results from Mills et al. [2005] indicate that the source of the CN layer is photolysis of H 2 SO 4 vapor by visible solar radiation [Vaida et al., 2003] , subsidence of sulfur dioxide (SO 2 ) from the upper stratosphere and mesosphere, springtime formation of the hydroxyl radical (OH), and SO 2 oxidation leading to a burst in gas phase H 2 SO 4 . Binary homogeneous nucleation (BHN) creates new H 2 SO 4 -H 2 O droplets, while subsequent growth by condensation and coagulation lead to particles of "observable" size (r > 3-10 nm). Volatility measurements from Campbell and Deshler [2013] support these modeling results, such that the observed CN layer is mainly composed of volatile H 2 SO 4 -H 2 O solution droplets formed via BHN. Classical BHN models have been shown to adequately predict regions of enhanced particle nucleation in atmospheric regions [Brock et al., 1995] , including the Antarctic stratosphere [Mills et al., 1999] . The more sophisticated modeling of Mills et al. [2005] captures the formation of the polar CN layer and compares well against observed CN concentrations.
Earlier measurements have indicated that a northern mid latitude CN layer is influenced by transport from higher latitudes , while bimonthly measurements of the mid latitude CN layer suggest that it has a global extent, dependent on the time of year [Campbell and Deshler, 2013] . Since CN are not detectable using satellite instruments and in situ measurements are inherently limited, the only way to investigate the global nature of these high-latitude CN layers is with a global model. Previous modeling work on the polar CN layer has been done in two dimensions Mills et al., 1999 Mills et al., , 2005 . Here we use a global three-dimensional model to describe the global extent of the CN layer and to compare this picture to previous CN measurements and modeling. The time frame for the simulation is 1 January 2010 to 1 January 2011, chosen for comparison with observations of stratospheric CN at both Laramie and McMurdo. The stratospheric CN measurements of Campbell and Deshler [2013] indicate that the polar and mid latitude stratospheric CN layers are regular occurrences each winter-spring and thus suggest that the results here may be extendable to other years. For this extension to work in the mid latitudes, these would require a year with similar transport processes, volcanic eruptions, and polar vortex conditions, as all of these are important in the extension of CN layers to the mid latitudes Campbell and Deshler, 2013] .
Model Description
The National Center for Atmospheric Research Community Earth System Model, version 1 (CESM1) [Hurrell et al., 2013] is used, with the high-top atmosphere component, the Whole Atmosphere Community Climate Model (WACCM), which extends in altitude from the surface to the lower thermosphere and includes fully interactive chemistry [Marsh et al., 2013] . In our runs, CESM1(WACCM) is nudged with specified dynamics fields using the approach described in Kunz et al. [2011] . Specified dynamics is a new capability in CESM1, as described in Lamarque et al. [2012] , which is ideal for comparison to observations [e.g., Brakebusch et al., 2013] . Meteorological fields used in this study are taken from the NASA Goddard Earth Observing System Version 5 Data Assimilation System [Suarez et al., 2008] for the period from 1 January 2010 to 1 January 2011. Temperature, zonal and meridional winds, and surface pressure are used to drive the physical parameterization that control boundary layer exchanges, advective and convective transport, and the hydrological cycle. The model resolution here is 1.9°latitude by 2.5°longitude in the horizontal and includes 88 hybrid sigma-pressure levels that roughly correspond to geopotential heights at 1-2 km resolution in the stratosphere.
We have coupled CESM1(WACCM) to a sectional aerosol microphysics code, the Community Aerosol and Radiation Model for Atmospheres (CARMA) [Toon et al., 1988] , for simulation of stratospheric sulfate aerosol. CARMA is configured to handle aerosol nucleation, growth, evaporation, coagulation, and sedimentation. The CARMA sulfate model used here is based on that used by English et al. [2011] , which includes van der Waals forces in the coagulation scheme. As in English et al. [2011] , which used an earlier version of WACCM, we have modified the chemistry in CESM1(WACCM) to add seven sulfur-bearing gases (S, SO, SO 2 , SO 3 , HOSO 2 , H 2 SO 4 , and OCS) and 20 associated photochemical reactions. These reactions include the photolysis of H 2 SO 4 by visible light [Vaida et al., 2003] , which has been shown to be important for sulfur partitioning above 30 km, and the timing of the formation of the austral polar CN layer [Mills et al., 2005] . Previous modeling and measurements indicate that the observed stratospheric CN layer is formed via BHN [Mills et al., 2005; Campbell and Deshler, 2013] . Here we use the "Zhao BHN" scheme, which is based on classical nucleation theory . Similar classical nucleation schemes have been published [e.g., Heist and Reiss, 1974; Jaecker-Voirol et al., 1987; Kulmala and Laaksonen, 1990] , which use analytical expressions to determine vital parameters such as the H 2 SO 4 and H 2 O equilibrium vapor pressures over binary solutions, further described in Seinfeld and Pandis [2006] . The thermodynamic properties of H 2 SO 4 -H 2 O solutions are based on Giauque et al. [1960] . For more details on the Zhao BHN scheme, and its implementation/evaluation regarding CESM1 (WACCM), the reader is referred to English et al. [2011] . Under this model configuration only the formation of pure sulfates are taken into account, while meteoritic dust couplings, as used in Neely et al. [2011] are not simulated. We divide sulfate aerosols amongst 30 size bins in CARMA, with sulfate mass increasing by a factor of 2.4 between adjacent bins. The dry radii of these 30 aerosol size bins range from 0.343 nm to 2.17 μm. For comparison to observations, the dry radii are converted to fully hydrated radii, using the weight percentage of sulfuric acid in solution. Figure 1a ). These results are consistent with previous measurements at this location [Campbell and Deshler, 2013] . Figure 1a also shows 30 min instantaneous CESM1(WACCM) particle concentrations for r > 3, 10 nm, at the nearest model grid point (78.6°S; 165°E), and at the closest times (100829-0200 UTC and 100924-0100 UTC) to the McMurdo CN observations. The horizontal distance separating the model grid point and observation is ≈ 100 km. Spatial interpolation or time averaging of the model
Model Comparisons to Measurements

Journal of Geophysical Research: Atmospheres
10.1002/2013JD020503
output is inappropriate due to the instantaneous nature of balloon sounding measurements over a horizontal distance (≈ 80 km), and the relatively low horizontal drift of the balloon platform compared to the model horizontal resolution. The model particle sizes are chosen as they conform to the range of minimum sizes observable with the CN instrument. A systematic low bias of 25%, along with a random uncertainty of ± 10% is added to the uncertainty shown with the CN profile measurements. Campbell and Deshler [2013] describe these uncertainty bounds.
In Figure 1a ). The magnitude of the modeled CN layer is in good agreement with the measurements by 100924, especially for particles with r > 3 nm. The modeled CN layer concentrations for r > 3 nm (≈160 cm
À3
) are within the uncertainty range of the observations; however, CESM1 (WACCM) predicts a maximum concentration occurring in a layer centered near 10 hPa that is slightly broader in vertical extent and occurring at a lower pressure, higher altitude, than the observations, where the layer is centered near 30 hPa.
Discrepancies between model and observations may stem from biases in the critical variables used to calculate the nucleation rate, or from uncertainties in the Zhao BHN scheme. Considering the model was run using specified dynamics, other biases arising from vortex circulation and transport are thought to be secondary. Under classical BHN theory, the critical thermodynamic variables controlling formation of new particles within the stratospheric CN layer are temperature and concentrations of H 2 O and H 2 SO 4 vapor. Unfortunately, there are no measurements for comparisons with the model H 2 SO 4 vapor profile in the polar regions. This, however, can be partially addressed by deriving an austral winter/spring H 2 SO 4 mixing ratio profile by using the CN measurements to calculate an "in situ nucleation rate" from differencing the CN observations on 100829 and 100924. A H 2 SO 4 mixing ratio profile is then derived (Figure 1d ) by inverting formulations of the classical BHN theory [e.g., Jaecker-Voirol and Mirabel, 1988; Noppel, 1998 ], using the calculated in situ nucleation rate, the measured average temperature (Figure 1b) , and H 2 O mixing ratio ( Figure 1c ). Although there is confidence regarding the structure of the derived H 2 SO 4 profile, its magnitude may be underestimated. This is due to a difference in concentration between the measured CN, which used to infer the nucleation rate, and the more numerous smaller particles, which are below the detection threshold of the CN counter and which form during the initial stages of the CN layer. The profiles used for this differencing also ignore coagulation, which would occur for nucleated particles with significant number density and would have a large effect on the number concentration of particles with r > 10 nm . Not counting the smallest particles and omitting coagulation both lead to an underestimation of the derived H 2 SO 4 profile. The austral winter/spring H 2 SO 4 vapor density profile was also reasonably reproduced by independent calculations (J. Curtius and S. Muench, personal communication, 2013) using the Sulfuric Acid and Water Nucleation (SAWNUC) model, based on a kinetic, simultaneous treatment of both neutral BHN and ion-induced nucleation [Lovejoy et al., 2004] . SAWNUC has shown good agreement with results from the Cosmics Leaving Outdoor Droplets experiment [Kirkby et al., 2011] for both BHN and ion-induced nucleation, thus providing additional confidence in the derived H 2 SO 4 profile. The CESM1(WACCM) H 2 SO 4 vapor density profile is noticeably smaller in both magnitude and slope when compared to the profile derived from classical BHN ( Figure 1d ) and may explain a large portion of the height difference between the CESM1(WACCM) predictions and the observed CN layer maximum on 100924, especially for particles with r > 3 nm. The calculated BHN rate near 30 hPa using in situ temperature (≈ 190 ) for a maximum to occur under relatively cold temperatures for BHN (≤ 205 K).
Calculations of the nucleation rate and observable particles were also carried out with the SAWNUC model [Lovejoy et al., 2004] , using the CESM1(WACCM) output for preexisting aerosol surface area, temperature (Figure 1b) , H 2 O mixing ratio (Figure 1c) , and H 2 SO 4 mixing ratio on 100829 0200 UTC. These calculations (J. Curtius and S. Muench, personal communication, 2013) indicate that: (1) the maximum nucleation rate occurs near 10 hPa, in agreement with the altitude of maximum CN concentration predicted a month later by CESM1(WACCM) (100924; Figure 1a ) and (2) the concentration of new r > 3 nm particles predicted in 2 weeks ranged from < 1 cm À3 to > 1000 cm À3 when the H 2 SO 4 concentration was varied between 10 5 and 10 6 cm À3 . These results further illustrate the model sensitivity to the H 2 SO 4 vapor concentration and support the idea that the discrepancy in the CESM1(WACCM) CN layer ( Figure 1a ) is most likely associated with a bias in the austral spring H 2 SO 4 mixing ratio profile (Figure 1d ).
Evolution of the Antarctic CN Layer
An annual picture of zonal average profiles of CN concentration, temperature, and mixing ratios of H 2 SO 4 , OH, SO 2 , and H 2 O closest to the latitude of McMurdo (78°S) is shown in Figure 2 , with labels N1-N4 marking particular times discussed below. CESM1(WACCM) indicates an initial BHN event as early as April (fall) between 30 and 35 km (N1; Figure 2a) , coincident with temperatures dropping below about 210 K (Figure 2b ).
Journal of Geophysical Research: Atmospheres
10.1002/2013JD020503
This temperature is representative of a classical BHN threshold under representative H 2 SO 4 vapor concentrations in the stratosphere. Relatively high temperatures, equilibrium H 2 SO 4 vapor pressures, and aerosol evaporation during the preceding spring and summer months lead to an abundance of H 2 SO 4 vapor at pressures below 30 hPa (> 2 · 10 À11 mol/mol; 20 ppt (parts per trillion); Figure 2c ). This is similar to results from Mills et al. [2005] , which showed modeled H 2 SO 4 vapor mixing ratios high enough and temperatures low enough, during austral fall to initiate BHN. There is a second burst in BHN slightly higher at 35-40 km, which starts in June (N2; early winter). Here temperatures are < 210 K and H 2 SO 4 vapor mixing ratios are > 5 · 10 À12 À 1 · 10 À11 mol/mol (5-10 ppt). The particles from both of these BHN events subside in the following months, BHN is terminated, and the particles coagulate reducing concentration. Rapid depletion of H 2 SO 4 vapor ( Figure 2c ) and warming temperatures (Figure 2b ) appear to be the causes for the termination of BHN following the April and June BHN events respectively. Following the April BHN event at 10 hPa (N1), the temperatures continue to decrease; however, by June the H 2 SO 4 vapor mixing ratio has decreased by 5 orders of magnitude. In contrast, following the June BHN event at 5 hPa (N2), the H 2 SO 4 vapor mixing ratio stays relatively constant; however, by August temperatures have warmed to > 230 K. The result is that by July, CN particle concentrations from these events are reduced by half.
The next CESM1(WACCM) BHN event occurs between 25 and 30 km in mid-August (N3; Figure 2a ) and is associated with temperatures < 190 K (Figure 2b ) and increasing H 2 SO 4 mixing ratios (Figure 2c ). The increase in H 2 SO 4 vapor is due to an increase in the mixing ratio of hydroxyl radicals (OH; Figure 2d ) upon sunrise at 78°S (> 20 km), which oxidizes the SO 2 ( Figure 2e ) molecules that have subsided from the upper stratosphere/mesosphere during the winter [Mills et al., 2005] . The August BHN has been observed repeatedly between 21 and 27 km above McMurdo [Campbell and Deshler, 2013] . Volatility measurements have shown that within the CN layer, ≥ 98% of the total number concentration is pure H 2 SO 4 -H 2 O solution droplets, thus substantiating that the layer was formed through BHN [Campbell and Deshler, 2013] . Subsequently, there is clear subsidence and decreases in particle concentration through November.
The CESM1(WACCM) BHN events described above lead to April/June and August r > 3 nm ( Figure 2a ) particle layers. Although CESM1(WACCM) produces many more total particles during the August BHN event compared to April and June, the number > 3 nm in radii is less in August (Figure 2a ). Assuming that model coagulation efficiency is roughly the same during these periods, these differences are probably due to the more abundant H 2 SO 4 vapor and warmer temperatures in April/June compared to mid-August. The warmer temperatures will lead to lower supersaturations and thus fewer particles nucleated, while the more abundant H 2 SO 4 vapor will lead to more extensive condensational growth on the fewer particles nucleated in April/ June compared to mid-August. In midAugust, although temperatures were low enough for enhanced BHN, there is both less H 2 SO 4 ( Figure 2c ) and H 2 O vapor (Figure 2f ), especially below 25 km, along with a higher concentration of new particles and competition for the vapor. Thus, many of the particles nucleated remain < 3 nm in radii. This situation is also true for the BHN event below 25 km in September-October (N4; Figure 2a ), where r > 3 nm concentrations remain low (< 20 cm À3 ) and there is no apparent initiation of a CN layer at this time (Figure 2a ). The concentration of observed CN layers below 25 km are typically reducing in October [Campbell and Deshler, 2013] , and thus, this event is no longer discussed here.
The modeled April/June CN layers above 30 km have not been adequately tested against observations. The few McMurdo CN measurements in late June through July indicate, between 20 and 30 km, CN concentrations constant with altitude within a range of 10-20 cm À3 [Campbell and Deshler, 2013] . In comparison, the modeled r > 3 nm concentrations are 40-60 cm À3 by July with vertical structure (Figure 2a) . Thus, the model results in April/June must be treated with caution. Altitude and time limitations on the observations preclude a definite conclusion on their reality. They should exist if there is sufficient H 2 SO 4 to initiate BHN; however, if the H 2 SO 4 vapor is removed by meteoritic dust particles above 30 km, which have been observed [Hervig et al., 2009] , then the April/June BHN events and CN layers may be precluded regardless of the cold temperatures. Saunders et al. [2012] concluded that uptake of H 2 SO 4 vapor on meteoritic smoke particles may reduce H 2 SO 4 vapor approximately 2 orders of magnitude above 40 km. Such a reduction in H 2 SO 4 would strongly impact BHN and particle concentrations, as previously discussed (section 3.1).
The potential role of preexisting meteoritic aerosol, which is not simulated here, on scavenging H 2 SO 4 through condensation, and a comparison to the effectiveness of BHN of the winter/spring mid stratosphere (20-30 km) CN layer, can be approximated. The characteristic time scale of H 2 SO 4 vapor condensation on preexisting aerosol can be calculated using the aerosol surface area density and the H 2 SO 4 number density [Middleton and Kiang, 1978] . Here we used a combination of CN (r > 3-10 nm) and larger aerosol (r > 150 nm) measurements from coincident optical particle counters to derive the surface area density [Deshler et al., 2003] , using a total background concentration of about 10 cm À3 , as well as a H 2 SO 4 number density profile (Figure 1d ) typical of austral spring in the mid stratosphere. In early August above McMurdo, just prior to CN layer formation [Campbell and Deshler, 2013] , the average surface area density between 20 and 30 km is approximately 0.3 μm 2 cm À3 . The associated characteristic time scale for condensation on preexisting aerosol is on the order of 10 5 s, compared to an average characteristic time scale for BHN, calculated using the H 2 SO 4 number density derived from the BHN rate, of about 10 3 s. Thus, the characteristic time scale for condensation on preexisting aerosol is 2 orders of magnitude slower than for BHN, under these conditions. Using an order of magnitude larger surface area density (3 μm 2 cm À3 ), which is approximately representative of a high background concentration (≈ 100 cm À3 ) of r > 3 nm particles, the characteristic time for condensation is still an order of magnitude slower than BHN between 20 and 27 km. Potentially higher concentrations (≈ 100-1000 cm À3 ) of particles below the 3 nm radii detection limit do not significantly change these surface areas [Campbell and Deshler, 2013] . Above 27 km, however, the characteristic time scales become similar; suggesting that if high concentrations of meteoritic particles are present at these altitudes, then 
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condensation on preexisting aerosol may compete with BHN and reduce the chance of the modeled April/June BHN events, as previously discussed.
Mid Latitude Comparison
A CN profile is measured on 10 June 2010 (100601) above Laramie, Wyoming, (41°N; 106°W), at approximately 1230 UTC in the stratosphere, and is compared to the 30 min instantaneous modeled particle concentrations for r > 3 and 10 nm on 100601-1230 UTC, at the nearest coordinates (40.7°N; 105°W) to the observation ( Figure 3 ). The horizontal distance between the CESM1(WACCM) grid point and observation was approximately 80 km. Measurements above Laramie indicate that CN layer remnants (≥ 10 cm À3 ) may exist through the late spring into early summer [Campbell and Deshler, 2013] . Thus, the observation in June was most likely the remnants of a larger 2010 winter/spring CN layer. CESM1 (WACCM) also suggests CN layer remnants at this time; however, the altitudes do not agree. Between about 20-50 hPa (10-20 hPa), the model overestimation (underestimation) is on the order of 50(30)%, Figure 3 . Reasons for these discrepancies are difficult to disentangle but may stem from a combination of measurement limitations and uncertainties in model CN layer formation in the northern polar region. Clarification of some of these factors is discussed in section 4.
Global Extent of the Stratospheric CN Layer
Analyses in the previous section showed that although there are some differences, it appears that CESM1(WACCM) does an adequate job in representing the formation, evolution, and structure of the winter/spring CN layer at 78°S, and in representing northern mid latitude (41°N) stratospheric CN observations. The comparisons also indicate that there are biases in the altitude of the CESM1(WACCM) CN layer, which differed for the polar (Figure 1 ) and mid latitude (Figure 3) regions. These may lead to subsequent errors in the altitude of the model's representation of the global extent of the stratospheric CN layer; however, there is confidence to investigate it further.
The Northern Hemisphere Stratospheric CN Layer
The in situ stratospheric CN measurements in mid latitude and polar regions suggest that the austral polar CN layer has a boreal analog and that this layer is globally extensive, at least equatorward as far as the mid latitudes in the Northern Hemisphere (NH) [Campbell and Deshler, 2013] . (Figure 4c ). In Figure 4c we use a meridional cross section rather than a zonal average as it allows for comparisons to Laramie (41°N; 105°W) observations, and because the CN layer is not zonally symmetric in the NH, as will be shown later (section 4.2; Figure 6 ). At 78°N, there are CN layers, during the months of October-December and January, with maximum concentrations exceeding 300 cm À3 (r > 3 nm) and 100 cm À3 (r > 10 nm) near 35 km (Figure 4a ). The January CN layer quickly coagulates and subsides to lower altitudes and particle concentrations are reduced by February-March. The CN layer in January-March suggests that a winter/spring CN layer forms in the NH at the latitude band antipodal to McMurdo (78°S; Figure 2a ). There is also a CN layer appearing as early as October, with maximum concentrations exceeding 300 cm À3 (r > 3 nm) and 60 cm À3 (r > 10 nm) near 35 km (Figure 4a ). The existence of such October layers above the Arctic have not been confirmed by measurement and thus can be questioned for the same reasons as the April/June layers above the Antarctic (section 3.2). Both of these predictions should be tested against measurements. ) that continue into July. CESM1(WACCM)'s January-July calculations in Figure 4b are in good agreement with the stratospheric CN measurements over Laramie [Campbell and Deshler, 2013] .
Global Extent of the Stratospheric CN Layer
A more complete investigation into the global extent of the CN layer requires a method of illustrating the meridional distribution of particle concentrations that exhibit an increase with height. For pressures greater than 10 hPa, results from Figures 1-4 indicate that there is a local maximum in concentration between 10 and Apparent in Figure 5 are the CN layers (> 300 cm À3 ) in April (78°S) and October (78°N), which are associated with CESM1(WACCM)'s unconfirmed BHN events (sections 3.2 and 4.1). These unconfirmed CN layers remain bound to the high-latitude regions, remaining poleward of about 60°dur-ing the month following the autumnal equinox in both hemispheres. This is probably due to the maximum in CN layer formation occurring at the coldest extreme high latitudes (> 80°), a strengthening polar vortex circulation in the stratosphere, and weaker meridional flow toward lower latitudes at this time. This effect is most prevalent in the Southern Hemisphere (SH) where the polar vortex is generally stronger. During late winter to early spring, the maximum CN layer (r > 3 nm) in the SH is found in the latitude band between 60 and 65°S in August. The CN layer in August has a maximum concentration > 300 cm À3 (r > 3 nm), while extending equatorward to 15°S. For r > 10 nm, the CN layer concentrations are much lower and extend only to about 50°S in early August. Thus, the observable CN layer may have a large range in its global extent during August. After the nucleation and transport equatorward in August, coagulation becomes the dominant process controlling particle concentration, evident by the development of particles > 10 nm from within the 3 nm particle size areas, and the extent of the particles > 10 nm to nearly 20°S by mid-August. This continues until dispersion in later spring reduces the concentrations to < 10 cm À3 .
Figure 5 also shows the NH CN layer, which has significant global extent during the months of December and January through March. In December, the CN layer extends to 20°N. For comparison, the stratospheric CN measurements above Laramie (41°N) show increases in CN concentrations up to about 10 cm À3 in December [Campbell and Deshler, 2013] , which is consistent with the modeled concentration at 41°N for 10 nm particles, but less than the concentrations of smaller particles. Without more careful checking of the size resolution of the CN instrument at these low pressures, it is not possible to state whether CESM1(WACCM) is overestimating the CN layer at this time and latitude. The comparison may suffer from a combination of measurement limitations and model overestimations, and thus, the difference of a factor of 1 to 6 here may not be unreasonable. In January through March, the extent of the CN layer is to 30°N. The CN layer concentrations near 41°in March, of about 10-30 cm À3 (r > 10-3 nm) are in good agreement with the Laramie measurements. This provides confidence that CESM1(WACCM) is doing a reasonable job at characterizing the global extent of the CN layer for January through March. Although Figures 3 and 4b show remnants of a mid latitude CN layer present through 
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June and July, Figure 5 does not indicate a CN layer present for these latitudes and times. Thus, although some structure in the CN profile may have remained at the location of Laramie (Figure 3) , the change in concentration with height for a zonal average remains lower than our criteria of a difference of 10 cm À3 (Figures 4b and 5 ).
Thus, a global CN layer does not appear between April and July in the NH ( Figure 5) ; however, the remnants of a CN layer structure in the profile may exist through July in the mid latitudes, Figure 3 . Figure 6 shows the "maximum global extent" of the CN layer (r > 3 nm), wind vectors at 10 hPa, and contours of the magnitude of the mean (10-20 hPa) equatorward wind. February and August were chosen for the NH (Figure 6a ) and SH (Figure 6b ), as these represent the late winter months of polar CN layer formation in each hemisphere. Focusing on these months also excludes the earlier unconfirmed BHN events of April/ June (SH) and October (NH). The correlation between the equatorward meridional wind contours and CN layer extent in the NH is clear. For February, the equatorward wind contours reach as far as 30°N (Figure 6a ). During the winter (December-January-February) of 2009-2010, the Arctic oscillation index [Baldwin and Dunkerton, 1999; Thompson and Wallace, 1998 ] was in its strongest negative phase since 1950 [Cohen et al., 2010] , indicative of a weaker polar vortex and strong flow toward lower latitudes during NH winter. This is evident from the maximum in equatorward winds (> 20 m s À1 ) in Figure 6a , indicative of stratospheric airflow over North America. This may have further amplified the equatorward transport of the NH CN layer in winter 2010 (Figures 5 and 6a) , while also allowing for remnants of the CN layer structure to be observed, and predicted at 41°N until June (Figure 3) .
The stronger polar vortex in the SH creates a radial symmetry in the observed particle concentrations within the CN layer, which does not appear in the NH, with a latitudinal band of maximum particle concentrations between 60 and 65°S in August (Figure 6b) . Poleward of 60-65°S in August there is not enough sunlight to oxidize the subsiding SO 2 , thus limiting H 2 SO 4 vapor production and BHN. Increasing temperatures limit the BHN equatorward of 60-65°S in August. These conditions lead to a maximum in BHN rates between 60 and 65°S. The region of strong equatorward flow in Figure 6b , also allows for meridional spreading of the CN layer to about 15°S. Following meridional spreading, the CN layer is transported longitudinally by the zonal wind circulation, and thus a meridional gradient in concentration emerges. The results in Figures 5 and 6 support the suggestions of a globally extensive CN layer.
Global Changes in CN Layer Concentrations
Global changes in concentration of the CN layer and its contribution to the stratospheric column are further explored in Figure 7 . Hemispheric average time series of r > 3 nm particles are expressed as column integrals (cm
À2
) for 100-80 hPa (black line), 100-20 hPa (green line), 100-10 hPa (red line), and the fraction of the mid stratosphere, i.e., the CN layer region, to the total stratospheric column (20-10 hPa/100-10 hPa; blue line). In the SH (Figure 7a ), significant variation exists during the year. In January-March (summer), there is a relatively large contribution of particles from the upper tropical troposphere (UTT) [Brock et al., 1995] , indicated by the relatively enhanced particles in the 100-80, and 100-20 hPa layers, with the 100-20 hPa layer a factor of 1.5-2 larger than the 100-80 hPa layer. These two layers have qualitatively similar patterns, further supporting the significance of a particle source from the UTT during austral summer. There is minimal addition of particles between 20 and 10 hPa as indicated by the small fraction (< 0.2). Thus, during austral summer, when the mid stratosphere CN layer is at a minimum (Figures 2 and 5) , there is little contribution of particles from the CN layer region to the stratospheric column. In April-May (fall) and June-August (winter), the 100-80 and 100-20 hPa columns decrease, converge, and follow generally the same pattern, suggesting the static nature of the particles between 80 and 20 hPa. In April (fall) the 20-10 hPa CN column diverges from the column below, and the contribution of this layer to the 100-10 hPa column quickly increases to > 30%. This indicates the global significance of the polar fall CN layers (Figures 2 and 5 ) predicted by CESM1 (WACCM), but which remain unconfirmed by observation. Further increases in CN concentration in the 20-10 hPa layer in May-July (early winter) are masked somewhat by the continued decrease in CN column from 100 to 20 hPa, which continues until November, but are unmasked by the fractional contribution of the 20-10 hPa layer to the total column. This fraction continues rising to above 0.5 by June. The 20-10 hPa layer then abruptly increases to a maximum in August. This is caused by the formation of the winter/spring CN layer in the SH, associated with the peak in mid stratosphere CN layer concentration (Figures 1a and 5) . The fractional contribution of the CN layer region increases to a maximum of about 0.65 in August and then steadily decreases until next fall.
For the NH in June-August (summer), the 100-80 hPa layer dominates the CN column indicating again the influence of the UTT (Figure 7b ). The enhancement is 2-3 times larger than the similar season in the SH, suggesting increased upwelling in the NH tropics in 2010. The contribution of particles from 20 to 10 hPa is minimal in this period, as it was in the SH summer. Summer is the period of CN layer minimum. In October (fall) the 20-10 hPa column diverges from the 100-20 hPa column, and by December-March (winter), there is a maximum in the 20-10 hPa contribution to the CN global column. The maximum in the fractional contribution of the CN layer region to the CN column is 0.55 in January, somewhat less than the peak observed in the SH.
In terms of a hemispheric average, particles originating in the 20-10 hPa region contribute minimally to the 100-10 hPa stratospheric column during the summer but contribute from 30 to over 50% of the column for fall, winter, and spring in both hemispheres. The dominating source of particles in the summer is the UTT; however, in the winter, the formation of mid stratosphere polar CN layers serve as an important source of particles to the stratospheric column. An analysis of the fractional impact of mid stratospheric CN layers, as a function of both latitude and season, is discussed in section 5.
Local Changes in CN Layer Concentrations
Changes in r > 3 nm particle concentrations as they relate to the local winter/spring CN layer above 78°S (McMurdo) are investigated in Figure 8 . At relatively cold temperatures (< 210 K) in August through early 
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September, there is a correlation between fluctuations in daily average temperature and r > 3 nm particle concentration (Figure 8a) . Where there is a relative increase in temperature, there is a similar increase in particle concentration. For example, between 12 and 16 September (Figure 8a) , there are both sharp relative increases in temperature (≈ 12 K) and particle concentration (≈ 20 cm À3 ). This demonstrates that increases in temperature may lead to evaporation, a larger partitioning of H 2 SO 4 to the vapor phase, and a subsequent burst of BHN under sufficiently cold enough temperatures. This effect is further investigated using 6 h averages of r > 3 nm particle concentration, temperature, and H 2 SO 4 mixing ratio in September (Figure 8b ). On 15 September, a peak in temperature and H 2 SO 4 mixing ratio is closely followed by a peak in r > 3 nm particle concentration about a day later. The sharp temperature increase leads to a larger H 2 SO 4 partitioning to the vapor phase, where the nucleation of new particles becomes the dominant microphysical process. Subsequently, nucleation and condensation scavenge the available H 2 SO 4 vapor, coagulation becomes the dominant process, and the r > 3 nm particle concentration decreases. As long as there is continued H 2 SO 4 vapor production, as in austral late winter/early spring, or other subsequent sharp temperature increases, the competition between nucleation, condensation, and coagulation processes continue. Thus, as temperatures remain below 210 K, an out-of-phase relationship is maintained between H 2 SO 4 mixing ratio and particle concentration, where peaks are separated by about 1-2 days. Finally, there is distinct anticorrelation after 20 October (Figure 8a ), as temperatures warm rapidly from 225 to 245 K, nucleation shuts down, particles evaporate, and the particle concentration decreases by about half.
Summary and Discussion
CESM1(WACCM) was used to provide the first three-dimensional simulation of the global extent of the mid stratosphere CN layer with a 1 year run spanning 2010. The accuracy of the CESM1(WACCM) simulation is attested to by the good agreement between modeled and measured CN concentrations, both in the highlatitude and mid latitude regions (Figure 1 ), in 2010. CESM1(WACCM) also does an adequate job at predicting the formation of the austral winter/spring CN layer; however, there are differences in its profile structure. Results shown here suggest that much of this difference may be due to an underestimation of the H 2 SO 4 vapor density profile upon polar sunrise above the Antarctic, especially for particles with r > 3 nm. Polar fall, October in the NH, and April/June in the SH, new particle formation, or CN layer events (> 30 km) are predicted and shown to make significant contributions to hemispheric columns but also remain unconfirmed by observation. Confirmation of these layers would be valuable to further verify the model. While previous measurements and modeling have only provided information on the CN layer at specific latitudes, the CESM1(WACCM) results here show that the mid stratosphere CN layer originates in the polar regions and reaches a maximum global extent of 15°S in the SH by August, and 30°N in the NH by February ( Figure 5 ). Meridional transport is responsible for the global extension of the polar CN layer to lower latitudes, where it is further mixed longitudinally by the zonal circulation in the stratosphere (Figure 6 ). The strong polar vortex in the SH leads to symmetrical polar CN layer concentrations, with a maximum between 60 and 65°S. This band is due to suitable solar exposure and oxidation, H 2 SO 4 vapor density, and temperature conditions, leading to a maximum in binary homogeneous nucleation. The weaker polar vortex in the NH, which may have been influenced by a strongly negative phase in the 2010 Arctic oscillation index, led to asymmetrical polar CN layer concentrations. Given the strong equatorward flow, there was significant transport to lower latitudes in the NH. This supports previous findings that the CN layer observed at the northern mid latitude location of Laramie may be influenced by transport from higher latitudes Campbell and Deshler, 2013] .
The modeled column integrals of r > 3 nm particles indicate that on a hemispheric average, the CN concentrations in the mid stratosphere (10-20 hPa) are not constant but change with season due to the formation of polar CN layers (Figure 7) . Furthermore, these model simulations suggest that the magnitude of the austral spring CN layer may undergo periodic oscillations, and the trend is not necessarily smooth (Figure 8 ). Previous measurements of the McMurdo CN layer have adequately captured its formation [Campbell and Deshler, 2013] ; however, they cannot be expected to represent such oscillations. Thus, results here present the benefit of extending such measurements using models.
A major implication of these results is that they refine conventional wisdom of the UTT as the main source region for stratospheric CN [Brock et al., 1995] . The results here indicate that mid stratospheric polar CN layers are present for many months, reach nearly a global extent in both hemispheres, and significantly impact hemispheric stratospheric CN columns during winter and spring (Figure 7 ). Figure 9 further investigates this implication with a 2010 time series-meridional structure analysis of the 20-10 hPa (CN layer) region's fractional contribution of r > 3 nm particles in the 100-10 hPa stratospheric column. In the tropical latitudes (23°N-23°S), the fraction is small (0.01-0.2) throughout the year. Here the main contribution of particles is from the UTT. The fraction generally increases poleward in both hemispheres, with faster increases during winter and spring months, due to the formation and meridional extent of the polar CN layer ( Figure 5 ). For example, by 30°S in August, and 35°N in December, the CN layer region contributes to over half (> 0.5) of the particle abundance in the stratospheric column. In the polar latitudes (> 60°), the CN layer accounts for the majority (> 0.8-0.9) of particle abundance in September (SH) and January (NH). The large fractions (> 0.5-0.9) due to polar fall CN layers in April (SH) and October (NH) remain unconfirmed. Overall, Figure 9 indicates that particles in the mid stratospheric CN layer region account for only about 1-20% of the stratospheric column abundance in tropical latitudes year round. This increases to > 50% for subtropical latitudes and > 50-90% for mid latitude to high latitude in winter and spring, for both hemispheres.
Future work using CESM1(WACCM) to explore the formation of these CN layers is planned to include meteoritic dust, the impact of the Kelvin effect of H 2 O, the impact of neutral versus ion-induced nucleation, and an unexplored heterogeneous reaction on CN. Results from Campbell and Deshler [2013] , as well as time scale approximations provided here, indicate that binary homogeneous nucleation dominates condensation on preexisting aerosol in the altitude range of the observed and modeled austral winter/spring CN layer (20-30 km). Evidence of elevated meteoritic dust abundances in the mid stratosphere to upper stratosphere [Hervig et al., 2009] and time scale approximations using enhanced preexisting surface area density here suggest that meteoritic dust interaction could impact the unconfirmed October and April/ June CN layers > 30 km. Thus, potential comparisons to new in situ observations during these times and heights may provide further insight into these interactions. The Kelvin effect of H 2 O may impact the formation of sulfates and the magnitude of the particle concentrations in the stratospheric CN layer. A valuable future investigation would be to use both SAWNUC and CESM1(WACCM) to determine the most important nucleation mechanisms in the mid stratosphere, and their relative contributions to polar CN layer formation. Future CESM1(WACCM) model runs including an unexplored heterogeneous reaction may be used to assess the impact the austral spring CN layer has on reducing catalytic ozone loss in the stratosphere (> 20 km).
